Computational Fluid Dynamics (CFD) has become an alternative method to experiments for understanding the fl uid dynamics of multiphase fl ow. A two-fl uid model, which contains additional terms in both the gas-and solid-phase momentum equations, is used to investigate the fl uidization quality in a fl uidized bed. A case study for quartz sand with a density of 2,660 kg/m 3 and a diameter of 500 μm, whose physical property is similar to a new kind of catalyst for producing clean fuels through the residue fl uid catalytic cracking process, is simulated in a two-dimensional fl uidized bed with 0.57 m width and 1.00 m height. Transient bubbling and collapsing characteristics are numerically investigated in the platform of CFX 4.4 by integrating user-defined Fortran subroutines. The results show that the fluidization and collapse process is in fair agreement with the classical theory of Geldart B classifi cation, but the collapse time is affected by bubbles at the interface between the dense phase and freeboard.
Introduction
Heavy oil has become a main feedstock of refineries with decreasing production and rapidly rising price of conventional oils. In the meantime, the increasing problems about global warming, carbon emission and environment deterioration require more and more stringent environmental regulations for clean fuel production worldwide. Fluid catalytic cracking (FCC) plays a vital role in producing liquid fuels (gasoline, kerosene and middle distillates). Accordingly, a number of novel catalysts and processes for clean liquid fuels production, such as FCC naphtha olefi n reduction, FCC naphtha aromatization, FCC naphtha desulfurization and C4-alkenes aromatization processes, have been developed (Cheng et al, 2002; Wang et al, 2002) . One of them is to utilize excess heat generated by FCC to supply a new process using a special catalyst to produce clean gasoline (Gao et al, 2008) . Different from the traditional FCC catalyst particles belonging to Geldart A classification (Geldart, 1973) , the diameter of this type of special catalyst particle is above 300 μm, which belongs to Geldart B classifi cation. It is important to understand the fl uidization behavior of this kind of catalyst particle to develop and optimize a new process for producing clean gasoline from heavy oil.
As an effective and simple method, the bed collapse technique has been regarded as a standard tool for predicting the fluidization quality and widely used to investigate the hydrodynamics of fluidized beds (Cherntongchai and Brandani, 2005) . Many papers concerning this issue have been published, most of them, however, are based on experimental measurements (Geldart, 1986; Cherntongchai and Brandani, 2005; Gutfi nger et al, 2005; Fu and Liu, 2007) . In the past half century, Computational Fluid Dynamics (CFD) has become an emerging technique for investigating the hydrodynamic behavior of gas-solid fl uidized beds as an alternative method to the step-by-step experimental scaleup. For instance, Gelderbloom et al (2003) simulated the bubbling and collapsing behavior in the gas-solid fluidized bed for Geldart A, B and C Group particles by using the Eulerian-Eulerian model based upon the granular kinetic theory. However, there is still no consensus about two important force items, the solid phase pressure and solid stress, in the solid momentum equations (Chen et al, 1999; Zhang et al, 2005) . The objective of this work is to simulate the bubbling and collapsing characteristics of the new catalyst particle (Gao et al, 2008 ) in a gas-solid fl uidized bed by using a simple two-fluid model proposed by Brandani and Zhang (2006) .
Mathematical model
There are two kinds of mathematic models for describing the hydrodynamics in a gas-solid fl uidized bed, i.e., EulerianLagrangian model and Eulerian-Eulerian model. The former considers the solid phase at a particle level, which is still too complicated to apply to an engineering installation at our present technical state (Knowlton et al, 2005 ). The latter model treats both gas and solid phases as interpenetrating continua, which largely reduce the computational time and provide useful design information (Zhang et al, 2005) . However, the role and modelling of the solid phase pressure and solid stress in the solid momentum equations have been debated by many researchers (Chen et al, 1999; Zhang et al, CFD simulation of bubbling and collapsing characteristics in a gas-solid fl uidized bed 2005) . For instance, Foscolo and Gibilaro (1987) proposed a particle-bed model (PBM) to investigate fluid dynamic stability in one-dimensional fl uidized beds. Chen et al (1999) extended it further to a two-dimensional formation that can predict qualitatively the fluidization quality in both gassolid and liquid-solid systems. It should be noted, though, that the classical PBM ignores the particle effect on the gas momentum balance. Recently, a model starting from the fi nite formulation of the two-fl uid theory with consideration of the effect of the discrete nature of the particles has been proposed by Zhang et al (2005) and Brandani and Zhang (2006) . The model includes two important features: the characteristic length is of the order of the particle diameter and only a correlation for drag force coeffi cient is needed to close the governing equations. A detailed derivation can be found in a paper by Brandani and Zhang (2006) , and is briefl y summarized here.
The continuity and momentum balance equations, describing gas and particle fl ows in the two-dimensional cold model of fl uidized beds, are given below:
Continuity equations Particle phase
(1
Gas phase
Momentum equations Particle phase
Gas phase (4) where represents volume fraction ( g + p =1), is net force and is density. The subscripts g and p indicate gas and particle phases, respectively. According to the closure principles of governing equations, net primary forces, and, need to be derived from the above basic variables. Particle-phase force in the vertical direction is
Particle-phase force in the lateral direction is (6) Gas-phase force in the vertical direction is (7)
Gas-phase force in the lateral direction is (8) The terms on the right-hand sides of Eqs. 5 and 7 are the inter-phase drag, gravity, pressure drop, and the additional forces, respectively.
The empirical Dallavalle relation is used to express drag coeffi cient CD as below: (9) where (10)
Numerical simulation
Simulation is carried out in a two-dimensional fluidized bed with a height of 1.00 m and a width of 0.57 m. The fluidizing gas is air and the particle phase is quartz sand, whose physical properties are listed in Table 1 . Initially, the gas velocity in the vertical direction is the minimum fluidization velocity, whilst the gas velocity in the lateral direction and the particle velocity vector are zero. The static bed height is set as 0.50 m and the pressure profile in the whole bed is calculated by the hydrostatic bed height. The uniform staggered grid method is used in the computing process, and the total number of grids is 80×76. Here, 80 and 76 are in the vertical and lateral directions, respectively. The time step is 10-4 s during the computational procedure. The boundary conditions are set as below:
(1) The Dirichlet boundary is used at the bottom of the bed. Twice the minimal fluidization velocity is set for the bubbling state, whilst zero for the collapsing state. Table 1 Physical properties of the gas-solid system Pet.Sci.(2009)6:69-75 at the interface between the dense phase and freeboard on the collapse time, which is difficult to observe in experiments and should be taken into consideration in the modeling.
Nomenclatures
CD particle drag force coeffi cient dp particle diameter, m net force, N/m Subscripts g-gas p-particle x-lateral direction z-vertical direction bed height is about 0.636 m (Fig. 6b) . The interface starts to decline directly without a small raise in the beginning stage, which is different from that in Fig. 5b . After 0.37 s, however, the fi nal bed height is still 0.49 m. Similar to the bed collapse at t=5.0 s, there is no bubble at the interface between the dense phase and freeboard at t=10.0 s (Fig. 7a) . Although the initial bed height (~0.620 m) is lower than that in Fig. 5a , the fi nal bed height decreases to 0.49 m at t=10.27 s (Fig. 7b) . It is clear that the bed surface declines fi rst and eventually reaches a non-fluidized (or fixed-bed) state in the form of loose packing as shown in Figs. 5a, 6a and 7a. However, slight differences can be found when the gas is switched off at different times as shown in Fig. 8 . Although the initial bed height varies, the same collapse time is obtained when the gas is turned off at t=5.0 s and 10.0 s. This is mainly because that all bubbles are within the dense-phase region. On the other hand, a relatively long collapse time was necessary when the gas is turned off at t=8.5 s since a bubble is erupting from the interface. 
Conclusions
The fluidization quality of quartz sand is investigated numerically in a fl uidized bed by using the two-fl uid model proposed by Brandani and Zhang (2006) in order to simulate the hydrodynamic behavior of a new kind of catalyst for clean fuels production. Main conclusions from the simulation are summarized as below: 1) In the bubbling stage, the surface of the dense phase rises linearly as the inlet gas velocity is increased to twice the minimum fl uidization velocity, and descends as bubbles escape from the dense phase, and reaches finally a quasisteady fl uidization stage, with fl uctuation feature in nature.
2) Different to the conventional three-stage model of FCC particles, the collapsing process of this type of catalytic particles includes only two stages, bubble escape and solids consolidation, a typical behaviour associated with the Geldart B classifi cation.
3) The CFD modelling reveals clearly the effect of bubbles
